Purpose: Today's standard radiation protection during coronary angiography and percutaneous coronary interventions is the combined use of lead acrylic shields and table-mounted lower body protection. Ambient dose measurements, however, have shown that these protection devices need improvement. Materials and Methods: Using an anthropomorphic physical phantom, various scenarios were investigated with respect to personnel exposure: a) enlarging the shield b) adding a flexible protective curtain to the bottom side of the shield, and c) application of radioprotective patient drapes. For visualization of the dose reduction effect, Monte Carlo simulations were performed. Results: The flexible curtain in contact with the patient's body reduces the ambient dose rate at the operator's position by up to (87.5 % ± 7.1) compared to the situation with the bare shield. The use of both the flexible curtain and the patient drape reduces the ambient dose rate by up to (90.8 % ± 7). Similar results were achieved for the assisting personnel when they were positioned next to the operator. In addition, the enlarged shield provides better protection of the head region of tall operators. Conclusion: Adding a flexible protective curtain to the bottom side of the shield can protect operators from high doses, especially for body parts which are not protected by lead aprons, e. g. head, and eye lenses. This may be important with respect to lower dose limits for eye lenses in future. The protective effect in real-life working conditions is still being evaluated in an ongoing clinical study. Key Points:
Introduction

!
In interventional cardiology and radiology, the increasing occupational exposure of operators should be focused on more rigorously since the duration and frequency of radiology-assisted interventions tend to be on the rise. Within an interventional department special procedures are frequently performed by a few specialists [1 -5], and these procedures often lead to high cumulated staff doses. Sometimes the personnel dose limits defined in national regulations, e. g. the German Röntgenverordnung [6], can be exceeded. The wearing of protective aprons and thyroid collars is widespread but head (especially eye lenses), arms, hands and shoulder joints often remain unprotected. Especially the eye lens doses have to be considered. Recently performed investigations of operator lens exposure revealed that the recommended lens dose limit of 20 mSv/ year stated by the International Commission on Radiation Protection (ICRP) [7] and implemented in the EURATOM directive [8] is frequently exceeded in practice [9, 10] . National regulations, e. g. in Germany, therefore stipulate engineered technical solutions for the protection of staff [11] . At present, lead acrylic shields combined with table-mounted lower body protection -both having a lead equivalence value of 0.5 mm -are state of the art and commonly installed [12, 13] . These shields should reduce scatter radiation doses nominally by about 98 % compared to the scenario without a shield. Contrary to this, our dose measurements at the operator´s position show dose reductions by only 70 % to 80 %. The physics of this contradiction can easily be explained: the protective shieldeven though it touches the skin of the patient -cannot stop the Compton scatter radiation from penetrating through the surface tissue of the patient. This effect results in a limitation in the protective properties of the shield ( • " Fig. 1 ). Within the ORAMED project, Donadille et al. [9] interpret this adverse effect as "inappropriate use and non-optimized design". As shown there, an optimized protective scenario cannot be achieved solely by the use of an upper and lower body shield. For an adequate solution, additional protective patient drapes are needed. These drapes prevent the local scattered radiation from escaping from the patient`s body. In practice these drapes have been applied either in isolation or in combination with shields [14 -16] .
In the study presented here we investigated special technical solutions to optimize protection for the operator and assistants. We focused especially on a novel protection shield rigged with a flexible curtain of absorbing lamellae simultaneously applied with/ without an absorbing patient drape, which can be positioned in a sterile cover on top of the patient and can quickly be removed. The curtain and drape should stop the escape of Compton scatter radiation through the tissue underneath the lower edge of the shield. The procedures were evaluated by physical measurements using an anthropomorphic phantom. The reduction of head doses was visualized by Monte Carlo simulations.
Methods
!
Lead acrylic shields
Shield "A" is commonly in use in the most interventional facilities and has a size (width × height) of 60 × 76 cm². It was compared to a newly designed larger shield "B" with dimensions of 78 × 90 cm² ( • " Fig. 2 ). Both shields feature the same lead acrylic material and identical lead equivalence value (LEV) of 0.5 mm from 50 to 150 kV. The intention of larger shield B was to facilitate the protection of the head of operators with a body height of up to 2 m as well as the protection of co-workers standing nearby the operator. Both shields were mounted on a ball-joint and therefore could be adapted to most applications encountered clinically. New shield B is characterized by two curved gaps; the wider one is predominantly designed for adapting to the patient`s body and the smaller one for allowing the arm of the patient to pass through, e. g. within radial access. The gaps are covered by a sliced flexible Fig. 3 ). The lamellae should adapt to the patient's surface on half of their length. The lead equivalence value of the absorbing lamellae is 0.5 mm (50 -150 kVp). This should be sufficient to stop the scatter radiation penetrating through the tissue underneath the shield. A custom designed pattern of the lamellae should avoid gaps when the lamellae touch the body. The new shield can be used for femoral as well as for radial access.
Patient drapes
Combined with the shield, the following additional protective effects of patient drapes with a lead equivalence value of 0.5 mm (50 to 150 kVp) were investigated: ▶ Drape for radial access (DRA) 75 × 39 cm without gap ▶ Drape type "Utech" ranging from the costal arch down to the middle of the thighs The DFA and DRA drape types were designed for multiple use and are sterilizable. Hence, they can be positioned on top of the sterile patient covering and can quickly be removed, e. g. in emergency situations. Compared to the single use drapes which must be disposed of after usage, the multiple use sterilizable drapes save basic material and hence have ecological advantages. For femoral access, the DFA drape type shows a gap near the femoral port. The DRA drape was designed especially for the radial access without a femoral gap. Both drapes are designed to avoid interference with the imaging system, especially if the C-arm is angulated to the LAO direction. Since previous comparative measurements did not show a significant difference between the DRA and DFA drapes, we performed the measurements for this paper generally using the DFA drape. The drape extending caudal to the middle of the thighs was propagated for a long time ago by Utech [17] . This drape has a rectangular cutout in the region of the femoral port and has a slit for fast removal.
Investigated scenarios
The operator´s and assistant´s exposure was determined by ambient dose rate measurements. Routine clinical conditions of coronary interventions were simulated. Several scenarios with protective shields and drapes were tested: 0. Without shield 1. Shield A without any other protection items 2. Shield B (enlarged shield A) without any other protection items 3. Shield B with DFA drape 4. Shield B with protective curtain 5. Shield B with protective curtain and DFA drape ( • " Fig. 3 ) 6. Shield B with protective curtain and "Utech" drape type All measurements were performed with complete tableside protection (0.5 mm Pb lead equivalence value, 50 -150 kVp), reaching from 5 cm above the floor up to the anterior surface of the phantom. Hence dose measurements below the edge of the table were not considered.
Measurements with the physical phantom
The measurements were conducted on a C-arm "AXIOM Artis" (Siemens Healthcare, Germany) run in the fluoroscopic mode with 6 pulses per second. The total filtration was 2.5 mm Al + 0.1 mm Cu. The patient's upper body was simulated by an Alderson-Rando phantom type 275 NPL. A postero-anterior (pa) beam geometry with a focus-detector distance of 90 cm and a field size of 16 × 16 cm² in the detector plane was applied. The central beam was positioned with respect to the heart region. The automatic dose rate control was adjusted to a pulse current of 249 mA and a tube voltage of 76 kVp. These values match an average patient of normal weight. For the ambient dose rate measurements, we used a dosimeter "Babyline 81" (Nardeux, France) with tissue-equivalent cap, calibrated in "photon dose equivalent" H x (μSv/h). To convert this quantity to the new quantity "ambient dose equivalent" H* [10] , the measured dose values were multiplied by a factor of 1.3 
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[18]. This factor was based on an estimated mean energy of the scattered radiation in the range of 35 -40 keV. The lower limit of the measurement range of the Babyline 81 is specified by the manufacturer to be 2 μSv/h. The mean standard deviation calculated from 10-fold repetitions of ambient dose rate measurements with repositioning of the dosimeter at different locations and restarting of the irradiation resulted in σ = 7 %. This value was adopted for all ambient dose rate measurements.
Position of operator and assistant
We measured the ambient dose rate profiles along the (virtual) vertical axis of the operator and the assistant from 70 cm up to 200 cm above the floor. The dosimeter was fixed to a vertical stand with a centimeter scale. The vertical axis of the operator was located 60 cm caudal to the central beam and 45 cm lateral to the centerline of the table. In the case of the assistant, the vertical axis was located 120 cm caudal to the center beam and 45 cm lateral to the table centerline. Referring to the vertical axis of the operator, we measured the horizontal ambient dose profile 160 cm above the floor. The horizontal reference axis expands from -80 cm to + 70 cm rectangular to the table centerline with origin at the vertical axis of the operator.
Monte Carlo Simulation
For visualization of the operator´s exposition in the upper body and head region, Monte Carlo simulations were performed for the scenarios (2) and (3) using the PC program EGS-Ray [19] . This program is based on the EGS4 code [20] and allows calculation of the spatial dose distributions under the given beam geometries and radiation qualities. The algorithm determines the absorbed dose in each voxel of the computational volume using the KERMA approximation (MC data see • " Table 1) . For the Monte Carlo simulations, the physical patient trunk phantom and the examiner´s body were approximated through homogeneous elliptical cylinders consisting of ICRU soft tissue without considering bone, inner organs and tissues. The heads of the patient and operator were approximated by homogeneous ellipsoids. The patient was positioned horizontally on the table, as described in section 2.3.2. The operator was standing upright near the patient, facing the monitors on the opposite side of the table. The photon spectrum was calculated from the parameters of the beam quality (X-ray tube voltage 76 kVp, total filtration 2.5 mm Al + 0.1 mm Cu, anode angle 15°) in accordance with the theory of Birch and Marshall [21] . The computation was based on 10 9 single photon histories.
Results
!
Phantom measurements
• " Fig. 4 displays the results from the ambient dose rate measurements for 7 scenarios and includes the comparison of shield A with shield B, both without any additional protection devices. Also, the scenarios without any shield and the scenarios with shield B and additional protective means (protective curtain, drapes) are shown here. An overview of the main results of the dose reduction resulting from the different scenarios is presented in • " Table 2 , • " Fig. 5 . The best result was achieved from a combination of both components: drape and curtain (scenario 5). However, if only either the drape alone or the curtain alone is combined with the new shield, a considerable effect in dose reduction is still achieved. At a height of 160 cm above the floor, the following reductions were found ( • " Table 2 ): For the optimized position of the drape and shield together with the curtain the exposure of the upper body of the operator reduces by nearly (89.0 % ± 7.0). If the shield is applied with the curtain only, the exposure reduces -compared to the bare shield -by (84.0 % ± 7.1). If the bare shield is applied with the patient drape, the exposure drops also by (84.0 % ± 7.1). A comparative test with the longer Utech drape could not confirm an additional reduction effect with respect to the operator's exposition compared to the smaller DFA and DRA drapes (t-test see discussion).
Horizontal dose profile
The horizontal ambient dose rate distribution 160 cm above the floor yields nearly identical dose profiles for shields A and B in the mid-region (vertical axis of the operator). However, larger shield B shows considerably lower dose rates in the outer range and hence provides better protection if standing more laterally ( • " Fig. 6) . A co-operator or assistant standing near the chief op- Table 2 Measured ambient dose reduction vs. height above the floor through several protective scenarios using the new shield B together with a protective curtain and a patient drape type DFA, respectively. The numbers are based on the present standard scenario 1 (shield A without any other protection add-ons). Vertical axis of measuring was located 60 cm caudal to the center beam and 45 cm lateral to the centerline of the erator has a 20 -30 % lower exposure than when using the small shield.
Visualization
• " Fig. 7 displays the color-scaled distribution of relative dose values in logarithmic scale related to the maximum dose achieved within the catheterization scenario. The colors represent the absorbed dose rates in air and the resulting tissue absorbed dose rates within the operator's upper body and head cross sections at heights of 130 and 160 cm. The positions of the patient phantom and of the operator´s trunk were adumbrated in the figure.
Results were displayed for the bare shield ( • " Fig. 7a, c ) and the shield with the curtain ( • " Fig. 7b, d ). The colored dose distributions within the operator´s body are related to the exposure rates caused by Compton scattering arising within the tissue beneath the shield and are reduced by a factor of 5 -10 when using the curtain.
Discussion
!
The positioning of the radiation protection components near the scattering volume of the patient leads to a substantial reduction in exposure and an advantage from an ergonomic point of view.
Comparison of the scenarios Operator exposure
The ambient dose rates 160 -180 cm above the floor are indicative of the eye and brain dose. As already mentioned, the eye doses in interventional radiology frequently have to be rated critically with respect to international dose limits and recommendations. From Fig. 2 ) shows a lower exposure for a tall operator`s head beginning from 180 cm to 200 cm ranging up to 33 %. A co-operator standing next to the operator would benefit from wider shield B. Especially the eye and head doses would be considerably reduced. In addition, the wider radiation shadow zone behind shield B affects the whole interventional laboratory. On the level of the operator´s chest and head, the combination of shield B with the DFA drape (scenario 3) results in a dose reduction factor of 6 compared to the current standard situation with only shield A (scenario 1). Based on this scenario, shield B together with the protective curtain (scenario 4) achieves a reduction factor of 8 and shield B with both protection devices (scenario 5) leads to a reduction factor of 10 compared with the ongoing standard.
• " Table 3 shows the results of the t-test among the different scenarios for confirming the best solution. Scenarios 3 and 4 are nearly identical with respect to protection whereas scenario 5 is the best of all. It is not recommended, however, to apply the new shield without the curtain because of the arm gap, which then would not be closed and would allow the scatter radiation to penetrate through. The test of a longer drape (Utech drape) features no clear benefit with respect to the ambient dose rate at the position of the operator (t-test, • " Table 3) . Therefore, the caudal part of the drape from the femoral port down to the knees does not provide an additional protection effect. In contrast, the large Utech drape ranging down to the thighs complicates its quick removal especially in emergencies. It is useful to mention that the demonstrated dose reductions are only achievable if the application of the shield and drape is correct as shown in • " Fig. 3 . The drape is to be positioned directly underneath the shield and the lamellae are to touch the surface of the patient with a minimum of about one half of their length. Otherwise, the additional protective effect can be reduced considerably. 
Assistants
From the physical point of view, the assistant is affected in the same manner as the operator from the radiation "undercutting" effect occurring on the lead acrylic shield. It follows that the relative exposure is reduced by nearly the same amount as for the operator. According to • " Table 2 , the dose reduction on the upper body of the assistant standing near the examiner amounts to (92 % ± 7.0). At a height of 80 cm above the floor, the reduction is in a range of 30 %.
Clinical application aspects Positioning
A study dealing with the usability and protection of the new shield in the clinical environment is currently in progress. The final results of this study will be published independently. However, the following point that needs to be paid special attention to when transferring the results from this phantom study to the clinical practice has already been noticed: The most important requirement for a decrease in radiation of the magnitude seen in this study is that the shield is placed correctly. It is crucial that the protective curtain lies flat on the patient. As soon as the patient is moved during an intervention without repositioning of the shield, the physician will probably not be as protected as before. Due to a smaller portion of the protective curtain lying flat on the patient, more scattered radiation can pass underneath the shield. However, this diligent repositioning of the shield can be avoided if a radiation protective drape is used in combination with the 
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shield (scenario 5, • " Fig. 3 ). With this combination, even if the protective curtain of the shield does not lie perfectly flat on the patient anymore, the physician is still protected by the drape. The drape extends the protective area of the curtain, and thus simulates a continuous flat-lying curtain lying flat.
Angulation
The special pattern of the drape was designed to avoid interference with the imaging system when the C-arm is angulated. In order to avoid interference with the dominant of the automatic exposure control (AEC) system during the application of the drape, the center dominant of the image detector should be chosen. In this mode, even though the drape appears on the border of the monitor, the dose rate will not rise automatically. At C-arm angulations of RAO 45 and higher, collisions between the detector and shield can occur. In practice the operator will then move the shield slightly laterally. To date, in clinical practice, significant problems due to interference between the shield and detector have rarely been observed.
Influence of detector/field size
Concerning the application of our results to other laboratories, for the dose reduction at the position of the operator and the assistant, the size of the detector, i. e. its outer dimension, is very important. A larger detector, especially in combination with a smaller field, can reduce scatter radiation in the direction of the upper body of the operator/assistant and shows a kind of "selfprotecting" effect. Therefore, the additional effect of the protective curtain and the drape can be smaller than measured here when applying a large detector especially with a smaller field size.
Application for radial access
For the access via the radial artery, an alternative setup can be chosen. The shield in this case is positioned next to the patient, the patient's arm passing through the bigger of the two gaps of the shield ( • " Fig. 8 ). The drape remains on the pelvis as shown in • " Fig. 3 . This setup may be beneficial with respect to angulation of the C-arm. Concerning the operator, this arrangement is as effective as that shown in • " Fig. 3 but may have one disadvantage: the doses at the site of the assistant personnel may increase. Hence, additional protection aspects should be considered for the assisting staff.
Sterility aspects
Prior to clinical procedures, the drape and acrylic shield with a curtain can be inserted into custom-made sterile covers. These covers have to be applied by the scrub assistant who scrubbed prior to the procedure. The drape may be positioned under or on top of the sterile patient cover. Removal, in the case of clinical need, can be easily facilitated using the on top position.
Protection aspects
The necessity of the described protection devices may be questioned since the staff already wear X-ray-protective clothing. It can be argued, however, that relevant biological tissues or parts of the body such as the head (eye lenses and brain) remain unprotected. From the ergonomic viewpoint, when using the optimized shield and drape, lighter protective clothing may be used. Instead of the frequently used aprons with a lead equivalence value of 0.5 mm, protective clothing with 0.35 mm featuring 30 % lower weight can be worn.
Conclusion
!
As a result it can be stated that with application of the improved protection devices described here, important radiation protection benefits for clinical practice can be achieved. 
